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The production of biohydrogen through anaerobic fermentation has received increasingly
attention and has great potential as an alternative process for clean fuel production in the
future. The monitoring of the stages of anaerobic fermentation provides relevant infor-
mation about the bioprocess. The objective of this study is to propose a novel methodology
for simultaneous analysis of sucrose, glucose, fructose and volatile fatty acids (VFAs), such
as, acetic, propionic, isobutyric and butyric during anaerobic fermentation by using high-
performance liquid chromatography (HPLC). The following chromatographic conditions
were optimized: column Aminex HPX-87H, mobile phase consisting of H2SO4 0.005 mol/L,
flow rate of 1.0 mL/min and temperature of 55 C. Sucrose, glucose and fructose were
analyzed by refractive index detector (RI) while acetic, propionic, isobutyric and butyric
acids were analyzed by ultraviolet (UV) detection at 210 nm. Some analytical parameters of
validation, such as, linearity, selectivity, repeatability, intermediate precision, limit of
detection and quantification, accuracy and robustness were evaluated. The proposed
methodology was successfully applied in the determination of substrates and metabolites
during different stages of biohydrogen production.
Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.1. Introduction the biological production of hydrogen by anaerobic fermen-Considering the global climate change and the perspectives
for future supply of energy, different research areas have
focused on alternative fuels. Among these stands out the
hydrogen produced from renewable materials or through
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process has received increasing attention, due to the higher H2
production when compared to other biological means and
mainly for the possibility to use different types of residues as
substrate (lignocellulosic or starch materials, glycerol, food
and dairy wastes, among others) [4e8].23 1166.
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i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 1 ) 1e1 02The anaerobic fermentation process consists of threemain
phases: hydrolysis, acidogenesis and methanogenesis [9e11].
In the first phase of the process, hydrolytic bacteria convert
substrates rich in organic matter into several simpler
compounds (i.e.: polymeric carbohydrates into simple mono-
meric sugars). This phase is the limiting step of the process
[12]. Therefore, the monitoring of the consumption of
substrate and formation of hydrolysis products provide rele-
vant information about the chemical kinetics of the process.
In the acidogenic phase, the soluble products from the
previous stage of hydrolysis are converted into several
compounds, such as volatile fatty acids (acetic, propionic,
isobutyric and butyric acids), hydrogen and carbon dioxide.
The identification of volatile fatty acids (VFAs) formed during
the process gives a valuable indication about the metabolic
pathway followed by microorganisms [13,14]. In addition, the
ratio of acetic/butyric acids (HAc/HBu) obtained can be related
to the production of H2 [14e16]. The final step in the anaerobic
fermentation process comprises the conversion of H2 and
acetic acid into methane and carbon dioxide and it is well
known that this stage is driven by methanogenic archaea. In
order to inactivate the methanogenic archaea and to enrich
sludge in H2 producers, the heat pretreatment of the inocula
has been commonly used [17e21].
In general, the analysis of carbohydrates and volatile fatty
acids in the anaerobic fermentative medium has been carried
out basically through colorimetric methods [22e24] and gas
chromatography (GC) [25e30], respectively. The colorimetric
methods provide the total amount of carbohydrate [31]. The
major disadvantage of this type of analysis consists of the
difficulty to evaluate simultaneously different carbohydrates
[32]. Besides being a nonspecific method, it is also time
consuming. Gas chromatography has been traditionally used
for the determination of VFAs in samples involving anaerobic
sludge. However, due to the peculiar characteristics of these
VFAs (i.e.: high polarity, volatility and solubility in water),
a derivatization step is currently performed to obtain non-
polar derivatives, which can be analyzed by GC [33,34].
Simple, fast and accurate analytical methodologies are
desirable for routine and control of anaerobic fermentative
processes. In this context, the high-performance liquid chro-
matography (HPLC) with dual mode detection, UV and RI
detector has been received attention due to the capability to
analyze carbohydrates and volatile fatty acids in complex
matrices [35e38]. Thus, this technique signals positively for
simultaneous analyses of carbohydrates and VFAs in samples
of anaerobic sludge. Therefore, the present study proposes the
development and optimization of a novel methodology to
perform simultaneous analysis of sucrose, glucose, fructose
and acetic, propionic, isobutyric and butyric acids in anaerobic
fermentation media by using high-performance liquid chro-
matography (HPLC) for monitoring biohydrogen production.2. Materials and methods
2.1. Reagents and solutions
All chemicals were of analytical grade: potassium dihydrogen
phosphate (Vetec, Rio de Janeiro, Brazil), dipotassiumPlease cite this article in press as: de Sa´ LRV, et al., Simultaneous
monitoring fermentative biohydrogen production, Internat
j.ijhydene.2011.08.056hydrogen phosphate (Isofar, Duque de Caxias, Brazil),
ammonium chloride (Vetec, Rio de Janeiro, Brazil), iron (III)
chloride hexahydrate (Vetec, Rio de Janeiro, Brazil), zinc
chloride (Grupo Quı´mica, Rio de Janeiro, Brazil), copper (II)
chloride tetrahydrate (Merck, Darmstadt, Germany), manga-
nese chloride dehydrate (Vetec, Rio de Janeiro, Brazil),
ammonium molybdate tetrahydrate (Vetec, Rio de Janeiro,
Brazil), aluminum chloride (Riedel de Haen, Seelze, Germany)
and cobalt (III) chloride hexahydrate (Alfaaesar, Lancaster,
England). The standards used in this study were as follows:
sucrose (Vetec, Rio de Janeiro, Brazil), glucose and fructose
(Sigma, Missouri, USA), acetic acid (Hoechst, Sa˜o Paulo, Brazil)
and propionic, isobutyric, butyric acids (Sigma, Missouri,
USA). The sulfuric acid was obtained from Merck (Darmstadt,
Germany). Ultrapure water was used to prepare the mobile
phase (USF-Elga, Woodridge, USA).
2.2. Standard solutions
Standard solutions (1000 mmol/L) of sucrose, glucose, fruc-
tose, acetic acid, propionic acid, isobutyric acid and butyric
acid were separately prepared with ultra pure water and
stored in a freezer. These solutions, after adequate dilution,
were used for the analytical study of the bioprocess.
2.3. Sample preparation
The anaerobic sludge used as inoculum in this study was
obtained from a municipal sewage treatment plant located in
Rio de Janeiro, RJ, Brazil. The concentration of total volatile
solids (TVS) present in the anaerobic sludge was approxi-
mately 45 g/L. The concentration of total volatile solids was
measured according to Standard Methods [39]. On the vali-
dation of the methodology anaerobic sludge from a poultry
slaughterhouse industry located in Rio de Janeiro, RJ, Brazil
(RJ) was also used. The anaerobic sludge was centrifuged for
5 min at 3000 rpm and the supernatant obtained was subse-
quently used in the analytical study.
The fermentation batch tests for validation of the meth-
odology were performed in 100 mL glass flasks sealed with
rubber lids to avoid contact with air for 120 h. The culture
media were composed of 52 mL of untreated inoculum,
36.5 mL of sucrose 10 g/L (substrate) and 1.5 mL of nutrients
solution. The nutrient solution was prepared from two solu-
tions (mg/L): solution 1 (KH2PO4 2500, K2HPO4 2500 and NH4Cl
20,000) and solution 2 (FeCl3 2000, ZnCl2 50, CuCl2$2H2O 30,
MnCl2$4H2O 500, (NH4)6Mo7O24$4H2O 50, AlCl3 50, CoCl2$6H2O
2000 and concentrated HCl 1 mL). At the time of use of the
nutrient solution, 10 mL of solution 2 were added to 1000 mL
of solution 1, comprising a single solution that was added to
the bottle [40]. The pH was adjusted to 5.5 0.1, which was
reported to be optimum for H2 production [18,19,41e43]. The
flasks were purged with N2 gas to ensure the anaerobic envi-
ronment. All experiments were carried out in rotatory shaker
(Marconi, Sa˜o Paulo, Brazil) at 35 C and 100 rpm. The liquid
sample was centrifuged at 3000 rpm for 5 min. The superna-
tant obtainedwas used in the analytical study of the proposed
methodology.
Some experiments were carried out to evaluate the appli-
cability of the proposed methodology for simultaneousanalysis of carbohydrates and volatile fatty acids by HPLC for
ional Journal of Hydrogen Energy (2011), doi:10.1016/
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 1 ) 1e1 0 3determination of carbohydrates and VFAs in the anaerobic
fermentation media for H2 production. The experiments were
performed in 100 mL glass flasks sealed with rubber lids for
72 h. The culture media were composed of 52 mL of untreated
inoculum or heat pretreated inoculum (100 C for 1 h), 36.5 mL
of sucrose 10 g/L (substrate) and 1.5 mL of nutrient solution
(mentioned above). The pH was adjusted to 5.5 0.1 and the
flasks were purged with N2 gas. All experiments were carried
out in rotatory shaker (Marconi, Sa˜o Paulo, Brazil) at 35 C and
100 rpm. The experiments lasted 72 h and every 24 h, samples
of the liquid and gaseous phases were analyzed. The liquid
sample was centrifuged at 3000 rpm for 5 min. The superna-
tant obtained was filtered through a 0.22 mm Millipore filter
(Sa˜o Paulo, Brazil) before being injected into the chromato-
graphic system (n¼ 3).0 120 240 360 480
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Fig. 1 e Chromatograms of the standard mixture added in med
treatment plant. (A) UV detection at 210 nm and (B) RI detection
propionic acid (5), isobutyric acid (6) and butyric acid (7). The co
Chromatographic conditions: column Aminex HPX-87H, injectio
at 55 C.
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All analyses were performed on a Shimadzu HPLC system
(Kyoto, Japan). The chromatographic system consists of:
degasser (Model DGU-14A), pump (Model LC-10AT), auto-
sampler (Model SIL-20A), column oven (Model CTO-10AS) and
UVeVis detector (Model SPD-10AV) connected in series with
a refractive index detector (Model RID-10A). The data acqui-
sition and treatment were controlled by Class VP 6.1 software
(Shimadzu Corporation, Kyoto, Japan). The analytical column
used was Aminex HPX-87H (300 mm 7.8 mm and 9 mm
particle size) of BIO-RAD (California, USA). The guard
cartridge used was carbohydrate deashing cartridges
(deashing-1 cation, 1 anion cartridge) of BIO-RAD (California,
USA).600 720 840 960
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ium containing anaerobic sludge from a municipal sewage
. Peaks: sucrose (1), glucose (2), fructose (3), acetic acid (4),
ncentration of analytes added was 100 mmol/L.
n volume of 20 mL, flow rate of 1.0 mL/min and temperature
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The analyses by HPLC were performed at 55 C under isocratic
conditions. The mobile phase consisted of H2SO4 0.005 mol/L
solution. This solution was filtered through a 0.45 mm Milli-
poremembrane (Sa˜o Paulo, Brazil) and degassed by sonication
for 10 min before use. Flow rate was 1.0 mL/min and injection
volume was 20 mL. Carbohydrates (sucrose, glucose and fruc-
tose) were analyzed by using refractive index detector (RI) and
volatile fatty acids (acetic, propionic, isobutyric and butyric
acids) were analyzed by UVeVis detection at 210 nm. The
hydrogen was analyzed by using an Agilent Technologies GC
6890 with thermal conductivity detector (TCD). The analytical
columns used were HP-PLOTQ (30 m 0.53 mm 40 mm) and
HP-PLOT e Molecular sieve 5A (15 m 0.53 mm 25 mm). The
variation of oven temperature was 60 C (2 min)e80 C/min-
e100 C (13 min). The injector temperature was set at 150 C0 120 240 360 480
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210 nm and (B) RI detection. Peaks: sucrose (1), glucose (2), fruc
and butyric acid (7). The concentration of analytes added was 1
HPX-87H, injection volume of 20 mL, flow rate of 1.0 mL/min an
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as carrier gas.
2.6. Analytical curves
The external analytical curves were prepared using the
method of standard spiked in matrix in the following
concentrations levels in genuine replicates (n¼ 9): 10, 30, 50,
70 and 100 mmol/L. During the preparation of the curves it
was used 2 mL of the anaerobic sludge centrifuged as real
matrix. The solutions for curves were prepared in genuine
triplicate and filtered through a 0.22 mm Millipore membrane
(Sa˜o Paulo, Brazil) before being injected into the chromato-
graphic system (n¼ 3). The curves were fitted by weighted
least-square regression.
It was also prepared the external analytical curves using
the method of standard spiked in matrix in the following600 720 840 960
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7
 (min)
10 12 14 16
bic sludge from poultry slaughterhouse. (A) UV detection at
tose (3), acetic acid (4), propionic acid (5), isobutyric acid (6)
00 mmol/L. Chromatographic conditions: column Aminex
d temperature at 55 C.
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Table 1 e Statistical results obtained from linearity calculation.
Analytes Slope Intercept r Flack of fit calculated
a Fregression significance
calculated
b
Sucrose 30,508 1865 107,730 113,143 0.971 0.74 268
Glucose 13,743 952 139,502 57,736 0.966 0.79 209
Fructose 18,393 1128 57,529 18,393 0.953 0.26 266
Acetic acid 32,150 2144 301,954 130,080 0.931 0.43 225
Propionic acid 36,040 2300 152,584 139,550 0.949 0.22 245
Isobutyric acid 58,919 3465 52,196 210,216 0.960 0.62 289
Butyric acid 44,708 2775 181,713 168,317 0.954 0.60 260
a Flack of fit critical (n1¼ 3 and n2¼ 40; a¼ 0.05)¼ 2.84.
b Fregression significance critical (n1¼ 1 and n2¼ 43; a¼ 0.05)¼ 4.08.
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 1 ) 1e1 0 5concentrations levels in genuine replicates (n¼ 9): 1, 3, 5, 7 and
10 mmol/L aiming to calculate LOD and LOQ.3. Results and discussion
3.1. Preliminary study
In order to investigate the method for simultaneous deter-
mination of sucrose, glucose, fructose and volatile fatty acids
(acetic, propionic, isobutyric and butyric acids) in samples of
anaerobic fermentation media, preliminary tests were per-
formed to select initial conditions. The following parameters
were evaluated: chromatography column, use of a guard
cartridge, composition of mobile phase, ideal flow rate and
temperature control. After exhaustive study, the most
appropriated condition was determined by using HPX-87H
Aminex column with guard cartridge, H2SO4 0.005 mol/L as
mobile phase, flow rate of 1.0 mL/min and temperature at
55 C. Fig. 1 shows the chromatograms of the standard
mixture added in medium containing anaerobic sludge from
amunicipal sewage treatment plant. The sucrose, glucose and
fructose were determined by RI detector while volatile fatty
acids were analyzed by using UV detector at 210 nm. Accord-
ing to Fig. 1, the VFAs may also be analyzed by RI detection;
however, the signal emitted by the UV detector presented
better sensitivity, allowing a more accurate quantification.Table 2 e RSD (%) values obtained in the study of repeatability
Concentration
(mmol L1)
RS
Sucrose Glucose Fructose
10 2.30 2.65 2.99
50 1.69 1.50 2.70
100 2.49 2.60 0.97
Concentration
added
(mmol L1)
RSD (
Sucrose Glucose Fructose
10 0.88 2.32 2.17
50 0.63 1.05 2.28
100 1.37 1.36 2.31
a n ¼ 3.
b Acids.
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j.ijhydene.2011.08.056The same happens with fructose, which despite having UV
absorption, the signal emitted by the RI detector allows better
detection at concentrations lower than 100 mmol/L. Consid-
ering the aforementioned reasons the dual mode detection
was applied in this methodology.
Besides the determination of sucrose, glucose, fructose and
VFAs (acetic, propionic, isobutyric and butyric acids) in media
containing anaerobic sludge from municipal sewage, Fig. 2
shows the chromatograms obtained for carbohydrates and
VFAs determination in anaerobic sludge from poultry slaugh-
terhouse spiked with the analytes of interest. The differences
observed in Figs. 1 and 2, can be explained by the presence of
different interferents present in each matrix studied. The
anaerobic sludge from sewage treatment plant and anaerobic
sludge frompoultry slaughterhousehavedifferent composition.
3.2. Validation procedures
After fitting the chromatographic conditions, some validation
parameters, such as selectivity, linearity, precision, accuracy,
limit of detection (LOD), limit of quantification (LOQ) and
robustness, were evaluated.
3.2.1. Selectivity and linearity
The selectivity of this method is a very important information
to be assessed due to the complex matrix (media containing
anaerobic sludge) used in the present study. The selectivity ofparameter.
D (%) for standardsa
Aceticb Propionicb Isobutyricb Butyricb
2.08 1.86 1.17 0.83
1.83 1.78 1.61 1.10
0.54 0.77 1.14 0.97
%) for samples spikeda
Aceticb Propionicb Isobutyricb Butyricb
0.90 2.84 0.89 1.94
1.80 0.76 0.88 0.76
0.98 1.03 1.24 2.09
analysis of carbohydrates and volatile fatty acids by HPLC for
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Table 3 e RSD (%) values obtained in the study of intermediate precision parameter.
Concentration
(mmol L1)
RSD (%) for standardsa
Sucrose Glucose Fructose Aceticb Propionicb Isobutyricb Butyricb
10 0.55 1.47 1.20 0.86 1.02 1.96 0.40
50 1.17 1.51 1.76 0.31 0.58 1.17 0.44
100 0.92 0.82 1.62 0.46 0.96 1.88 0.75
Concentration
added
(mmol L1)
RSD (%) for samples spikeda
Sucrose Glucose Fructose Aceticb Propionicb Isobutyricb Butyricb
10 1.30 0.54 0.26 1.99 1.43 0.53 0.72
50 1.93 1.53 2.36 1.02 2.12 1.55 1.87
100 0.97 2.45 2.19 2.53 0.20 0.85 0.59
a n ¼ 3.
b Acids.
Table 4 e Percentage of recovery for carbohydrates and
volatile fatty acids studied.
Standard concentration
added (mmol L1)
Concentration
found (mmol L1)a
Recovery
(%)
Sucrose
10 11.55 0.28 115.50
50 44.45 2.02 88.91
100 92.88 3.84 92.88
99.10b
Glucose
10 11.22 0.58 112.22
50 52.31 2.13 104.62
100 122.41 0.57 122.41
113.08b
Fructose
10 11.95 0.44 119.46
50 53.22 0.98 106.43
100 108.17 2.18 108.17
111.35b
Acetic acid
10 6.74 0.93 80.50
50 40.42 2.22 80.84
100 86.70 1.69 86.70
82.68b
Propionic acid
10 6.99 0.22 69.92
50 35.85 2.09 71.70
100 45.27 2.09 71.38
71.00b
Isobutyric acid
10 9.35 0.85 93.46
50 45.92 2.38 91.84
100 89.97 3.16 89.97
91.76b
Butyric acid
10 10.50 1.11 104.95
50 48.02 1.51 96.04
100 97.66 3.16 97.66
99.55b
a Mean s.d. (n¼ 3).
b Mean of recovery range.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 1 ) 1e1 06
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monitoring fermentative biohydrogen production, Internat
j.ijhydene.2011.08.056the method was evaluated from the chromatogram of the
sample without the analytes of interest. The absence of signal
from matrix constituents in the respective retention times of
analytes of interest indicated that the method presented
appropriated selectivity for simultaneous determination of
carbohydrates and VFAs present in anaerobic fermentation
media.
Linearity was evaluated through the external analytical
curve using weighted least-square regression (after the
application of Cochran test it was verified that the condition of
homoscedasticity was violated) by standard spiked in matrix
[44,45]. After regression implementation it is necessary to
verify lack of fit into themodel by ANOVA. This test consists of
comparing the deviations of the means from the calibration
line the residual standard deviation (syx) with that of the y
values from their means (sy) by using Eq. (1), where mi is the
number of measurement, p is the calibration points and m is
the product between p and mi.
Fcalc ¼

syx
2

sy
2 ¼
Pp
i¼1mi

yi  byi
2
=ðp 2ÞPp
i¼1
Pmi
j¼h

yij  yi
2
=ðm pÞ
(1)
The test is carried out by the comparison between Flack of fit
calculated and Fa; n1¼ mp; n2¼nm (Flack of fit critical). If Flack of fit cal-
culated Flack of fit critical, the linear model cannot be applied. In
the present case the Flack of fit critical (F0.05; 3; 40 is equal to 2.84)
was higher than Flack of fit calculated according to the values
presented in Table 1. Therefore, null hypothesis was not
rejected, indicating that the linearity of the method was
considered to be satisfactory within confidence interval of
95%. In addition, the Fregression significance calculated is approxi-
mately 60 times the Fregression significance critical (Fa; n1¼p1; n2¼np
is equal to 4.08). The method is selective and its linearity was
considered to be suitable in the concentration range studied
(10e100 mmol.L1).
3.2.2. Precision
Precision can be determined through the calculation of the
relative standard deviation (RSD), as shown in Eq. (2), where s
is the standard deviation and x is the average values [46].
RSDð%Þ ¼ s
x
 100 (2)analysis of carbohydrates and volatile fatty acids by HPLC for
ional Journal of Hydrogen Energy (2011), doi:10.1016/
Table 5 e Results of the study for the determination of LOD and LOQ.
Analytes Slope Intercept r Flack of fit calculated Fregression significance
calculated
LOD
(mmol L1)
LOQ
(mmol L1)
Sucrosea 43,371 991 17,066 4542 0.980 4.81 3753 0.31 1.05
Glucoseb 27,361 634 14,488 2904 0.999 0.51 3778 0.32 1.06
Fructosec 24,409 489 11,985 2968 0.989 0.02 2489 0.36 1.22
Acetic acidc 38,309 980 328,902 5943 0.986 0.09 1529 0.47 1.55
Propionic acidc 44,256 778 120,708 4722 0.992 0.02 3231 0.32 1.07
Isobutyric acidc 67,431 1116 10,824 6770 0.962 2.62 3651 0.30 1.00
Butyric acidc 51,549 987 162,364 5988 0.978 0.46 2728 0.35 1.16
a Flack of fit critical (n1¼ 2 and n2¼ 32; a¼ 0.01)¼ 5.39; Fregression significance critical (n1¼ 1 and n2¼ 34; a¼ 0.05)¼ 4.17.
b Flack of fit critical (n1¼ 2 and n2¼ 32; a¼ 0.05)¼ 3.32; Fregression significance critical (n1¼ 1 and n2¼ 34; a¼ 0.05)¼ 4.17.
c Flack of fit critical (n1¼ 3 and n2¼ 40; a¼ 0.05)¼ 2.84; Fregression significance critical (n1¼ 1 and n2¼ 43; a¼ 0.05)¼ 4.08.
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 1 ) 1e1 0 7The evaluation of precision was performed in two levels:
repeatability and intermediate precision. The repeatability
was determined through the evaluation of the RSD (%)
measured by peak areas obtained for standards and samples
spiked with standards in the following concentration levels:
10, 50 and 100 mmol/L. Table 2 shows that the RSD (%) values
obtained are smaller than 3% for both standards and samples
spiked, which is in accordance to acceptable values lower
than 5%,which provided to the presentmethod the acceptable
repeatability [46].
The intermediate precision of the method was determined
in the same way that the repeatability parameter. This anal-
ysis was performed 30 days after the initial study. The stan-
dards and the spiked samples used in the intermediate
precision test were the same as previously used for the study
of repeatability. These solutions were stored in a freezer after
the first test to ensure their properties. Table 3 shows that the
RSD (%) values obtained are smaller than 2.53% for both
standards and samples spiked, which is in accordance to
acceptable values lower than 5%, which provided to the
present method the acceptable intermediate precision [46].
3.2.3. Accuracy
In this work, accuracy was determined through the
percentage of recovery of known amounts of analytes addedTable 6 e Robustness results calculated as the percentage of re
Experiments X1 X2 X3 Sucrose Glucose Fructose
1 1 1 1 106 116 119
2 þ1 1 1 103 119 118
3 1 þ1 1 95 116 115
4 þ1 þ1 1 91 121 119
5 1 1 þ1 91 119 109
6 þ1 1 þ1 92 117 119
7 1 þ1 þ1 102 110 116
8 þ1 þ1 þ1 99 119 118
9 0 0 0 100 109 116
10 0 0 0 102 106 117
11 0 0 0 102 108 115
98 5.34a 115 5.24a 116 3.0a
X1 e oven temperature (C): () 54, (0) 55, (þ) 56.
X2 e flow rate (mL/min): () 0.9, (0) 1.0, (þ) 1.1.
X3 e mobile phase concentration (mmol/L): () 4.8, (0) 5.0, (þ) 5.2.
a Mean s.d. (n¼ 3).
Please cite this article in press as: de Sa´ LRV, et al., Simultaneous
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j.ijhydene.2011.08.056in the sample obtained from the anaerobic fermentative
process. The recovery percentage (R%) was calculated using
Eq. (3), where Aa is the analyte area, As is the standard area
and Aaþs is the analyte area with standard addition.
R% ¼ Aaþs Aa
As
 100 (3)
The recovery tests were performed by adding known
amounts of standards (10, 50 and 100 mmol/L) to samples of
anaerobic fermentation medium before the centrifugation
step. After the addition of standards, the samples were
centrifuged and the supernatant, after being filtered through
a membrane 0.22 mm, was analyzed by HPLC. Table 4 shows
data of accuracy obtained as percentage of recovery (%). The
range of 70e114% demonstrated that the method has an
acceptable accuracy [46].
3.2.4. Limit of detection (LOD) and limit of quantification
(LOQ) calculation
LOD and LOQ represent the lower concentration of the
substance under evaluation that can be detected and
measured, respectively, using a certain experimental proce-
dure. They can be calculated in three different ways: visual
method, signal-noise relation method and analytical curve
parameter evaluation [47].covery.
Acetic acid Propionic acid Isobutyric acid Butyric acid
100 85 79 92
98 83 76 88
91 77 68 81
93 74 68 72
92 79 76 82
90 78 76 82
98 87 79 81
94 80 71 85
95 80 76 87
97 83 76 89
98 85 78 91
95 3.44a 81 4.08a 75 3.25a 85 5.73a
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Table 7 e ANOVA results for the 33 factorial experimental design.
Factors Sucrose Glucose Fructose Acetic acid Propionic acid Isobutyric acid Butyric acid
Effect p-Value Effect p-Value Effect p-Value Effect p-Value Effect p-Value Effect P-Value Effect p-Value
X1 2.17 0.09 3.50 0.10 3.85 <0.05 1.63 0.24 3.34 0.19 2.48 0.09 2.18 0.26
X2 1.26 0.23 1.45 0.34 0.51 0.61 1.16 0.36 1.71 0.42 4.00 <0.05 6.13 0.05
X3 3.07 0.05 1.76 0.27 2.46 0.10 1.78 0.22 0.97 0.62 1.99 0.13 1.10 0.51
X1X2 1.04 0.30 3.22 0.11 0.69 0.51 0.47 0.68 1.65 0.43 1.07 0.31 0.23 0.88
X1X3 1.19 0.25 0.16 0.90 2.35 0.11 1.47 0.28 0.91 0.64 1.52 0.20 4.36 0.09
X2X3 10.26 <0.05 2.17 0.20 2.12 0.13 6.31 <0.05 7.02 0.05 3.23 0.06 7.42 <0.05
X1X2X3 0.85 0.37 2.37 0.18 3.54 0.05 1.72 0.23 1.71 0.42 2.82 0.07 2.06 0.28
X1 e oven temperature (C).
X2 e flow rate (mL/min).
X3 e mobile phase concentration (mmol/L).
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 1 ) 1e1 08In this study, LOD and LOQ were determined by evaluating
the parameters of analytical curves, according to Eqs. (4) and
(5), respectively, where s is equal to the standard deviation
of the intercepts and S is the average value of the slopes of the
curves multiplied by 3 or 10.
LOD ¼ s
S
 3 (4)
LOQ ¼ s
S
 10 (5)
For this test, analytical curves were made through weighted
least-square regression (except acetic acid which did not
present homoscedasticity violation, i.e., in this case the simple
least-square method was used) under standard spiked in
matrix in the following concentrations: 1, 3, 5, 7 and 10 mmol/L,
except for sucrose and glucosewhich the rangewas1e7 mmol/
L, due to the lack of fit was verified at 10 mmol/L level. The
procedure for preparation of these curves is identical to that
described inSection2.6and theconsiderationaboutmodel fit is
identical to that described in Section 3.2.1. However, it is
important to emphasize that lack of fit analysis was performed
considering99% interval confidence for sucrose and95%for the
other analytes. Table 5 shows the parameters of the analytical
curves and the values of LOD and LOQ obtained.0
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The robustness parameter was evaluated by intentional
minormodifications in the chromatographic conditions in the
proposed methodology [46]. In this work, the robustness was
measured using a full factorial experimental design of three
factors at two levels with triplicate at the central point: oven
temperature (54 and 56 C), flow rate (0.9 and 1.1 mL/min) and
mobile phase concentration (4.8 and 5.2 mmol/L). Aiming at
testing the robustness, the samples were spiked with stan-
dards of carbohydrates and VFAs at a concentration of
50 mmol/L. Table 6 shows the experiments performed for
robustness evaluation and the results obtained in relation to
the percentage of recovery. The experiments were performed
in triplicate. As can be seen, the recovery achieved remained
within the range of 70e121%. Therefore, small variations in
the chromatographic parameters did not show significant
changes in the recovery values, which are in accordance with
the reference interval [47].
Statistical analysis tools (analysis of variance e ANOVA)
were used in order to identify significant effects (Table 7). An
independent factor had significant effect on a given response
when it had a p-value <0.05. The results indicated that all
factors had no significant effect on the responses for glucose
and propionic acid. The factors oven temperature (X1) and40 50 60 70
ion time (h)
ntreated inoculum and (-) heat pretreated inoculum.
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Table 8 e The ratio HAc/HBu and the maximum yields of H2 obtained during the fermentation process.
Fermentation
time (h)
Untreated inoculum Heat pretreated inoculum
HAc/HBu (mmol/L) H2 (mol H2/mol sucrose) HAc/HBu (mmol/L) H2 (mol H2/mol sucrose)
24 0.13 3.04 1.22 3.65
48 0.15 3.65 0.86 4.22
72 0.28 2.30 0.61 4.62
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 1 ) 1e1 0 9flow rate (X2) are significant for fructose and isobutyric acid,
respectively. The interaction between flow rate and mobile
phase concentration (X2X3) showed significant effect for
sucrose, acetic acid and butyric acid. Although some effects to
the different factors were significant in the 95% confidence
interval ( p-value <0.05), the method can be considered robust
as the dispersion of responses (percentage of recovery) for
each factor in the experimental group studied was relatively
low (Table 6).
3.3. Determination of carbohydrates and VFAs during
fermentative biohydrogen production
The analytical methodology proposed by this work was
applied to analyze samples derived from fermentative process
for biohydrogen production. In this study, sucrosewas used as
substrate and two types of inoculum were tested, untreated
and heat pretreated. It was possible to observe the stage of
sucrose hydrolysis, with the formation of glucose and fruc-
tose. Fig. 3 shows that sucrose was completely consumed in
both medium containing untreated and heat pretreated
inocula in 72 h. However, the kinetics of consumption of
sucrose of the heat pretreated inoculum is slower than in the
untreated inoculum, which is a consequence of heat
pretreatment and microorganism selection.
In anaerobic fermentation, the production of H2 is usually
accompanied by volatile fatty acids (VFAs) formation. The
content and distribution of VFAs suggested that butyrate type
fermentation was predominant for both media containing
untreated or heat pretreated inocula, when only acetic and
butyric acids were formed. Table 8 shows the HAc/HBu and
the maximum yield of H2 obtained from the fermentation
process. As can be seen over time, the ratio HAc/HBu is always
higher for the medium containing heat pretreated inoculum
when compared to the medium containing untreated inoc-
ulum. This relationship is maintained for the maximum yield
of biohydrogen measured. Thus, the ratio of acetic/butyric
acids could be useful information about the H2 production
processes [16].4. Conclusions
The simultaneous determination of carbohydrates (sucrose,
glucose and fructose) and volatile fatty acids (acetic, pro-
pionic, isobutyric and butyric acids) in samples derived from
fermentative process for biohydrogen production has been
successfully applied to quantify these compounds in
a complex matrix. All validation parameters of this method
have obeyed the variation range allowed. Therefore, thePlease cite this article in press as: de Sa´ LRV, et al., Simultaneous
monitoring fermentative biohydrogen production, Internat
j.ijhydene.2011.08.056proposed methodology can be applied for monitoring the
production of biohydrogen by anaerobic fermentation, which
is a useful analytical tool for understanding the overall
process.
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